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OBJECTIVES The goal of this study was to assess long-term global left ventricular (LV) function in patients
paced from the right ventricular (RV) apex at a young age.
BACKGROUND Ventricular contraction asynchrony with short-term RV apical pacing has been associated
with reduced LV pump function and relaxation. The long-term effect of RV apical pacing on
global LV function in the young remains unknown.
METHODS Twenty-four patients with normal segmental anatomy paced from the RV apex (follow-up 1
to 19 years) underwent noninvasive assessment of global LV function with automated border
detection echocardiography-derived fractional area of change (FAC), coupled with the
Doppler index of myocardial performance (MPI). Data were analyzed from 24 RV-paced
patients (mean follow-up 9.5 years, age 19 years, body surface area [BSA] 1.6 m2, QRS
duration 140 ms) and compared with 33 age- and BSA-matched control subjects (age 16.4
years, BSA 1.6 m2). Multiple linear regression analysis was performed to identify patient
variables that can affect these indexes of LV function.
RESULTS Assessment of LV function (median follow-up 10 years) in 24 paced patients demonstrated
impaired area- and Doppler flow-derived indexes of LV systolic and diastolic function,
compared with those indexes of control subjects (FAC: 52% vs. 60%, p , 0.01; MPI: 0.46
vs. 0.34, p , 0.01). Paced QRS interval and age were found to significantly influence global
LV contraction in these patients (R2 5 0.4, p , 0.05).
CONCLUSIONS In the presence of impaired LV function with long-term RV apical pacing, alternative sites
of ventricular pacing that simulate normal biventricular electrical activation should be
explored to preserve function in pediatric patients in need of long-term pacing. (J Am Coll
Cardiol 2001;37:2093–100) © 2001 by the American College of Cardiology
Permanent cardiac pacing in the young has evolved into its
current application with the recent advances in low-
threshold lead technology and a reduction in generator size.
Epicardial or transvenous ventricular pacing leads have
traditionally been affixed to the right ventricular (RV) apex,
resulting in asynchronous patterns of right and left ventric-
ular (LV) contraction and relaxation (1–3). Other investi-
gators have demonstrated reversible LV functional abnor-
malities with short-term RV apical pacing (4–6). Although
cellular and subcellular abnormalities have been shown to
occur after long-term apical pacing (7), chronic dyssynchro-
nous ventricular contraction leading to irreversible LV
dysfunction remains speculative. Therefore, this study was
undertaken to assess abnormalities in global LV function
after long-term RV apical pacing among young patients.
METHODS
Study group. Data were obtained prospectively from 24
patients paced from the RV apex, whose ages at the time of
the study ranged from 3.8 to 34.6 years (mean 19.5 6 8.1),
with a mean body surface area (BSA) of 1.6 6 0.4 m2. Study
inclusion criteria included the presence of a systemic mor-
phologic LV, as well as competent mitral and aortic valves,
and the absence of any intracardiac shunt. Patients were
verified to have normal LV function before pacemaker
insertion. An electrocardiogram (ECG) was obtained from
each patient before the echocardiogram.
Patient data were compared with those similarly obtained
from the control group, composed of 33 healthy volunteers
and normal individuals (age 16.4 6 3.0 years; BSA 1.6 6
0.3 m2) referred to the Pediatric Cardiology Clinic or
Echocardiography Laboratory. All control subjects were
asymptomatic or had normal baseline cardiac examinations
and rest ECGs, or both.
Automated border detection by echocardiography. Trans-
thoracic echocardiographic evaluation of global LV function
was performed with a multiple phased-array transducer
(Hewlett-Packard Sonos 2500 or 5500, Agilent Technolo-
gies, Andover, Massachusetts). Inherent custom software
that incorporated integrated backscatter imaging technology
enabled automated detection of the myocardial-blood pool
border. On-line tracking of the endocardial border allows
instantaneous assessment of changes in the shape of the LV
cavity to derive changes in cavity area on a beat-to-beat
basis, obviating the need to fulfill certain geometric assump-
tions inherent in other conventional quantitative methods of
assessing ventricular function (8). Automated border detec-
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tion (ABD) of the LV endocardial interface was accom-
plished from the parasternal short-axis view with on-line
waveform display of the LV chamber area and the rate of
area change per unit time (dA/dt) throughout the cardiac
cycle, as illustrated in Figure 1.
This technique allows real-time calculation of the LV
fractional area of change (FAC): ([LV end-diastolic area 2
LV end-systolic area]/LV end-diastolic area 3 100), as well
as calculation of the LV peak emptying and peak filling rates
(systolic-minimal and diastolic-maximal dA/dt, respective-
ly), normalized to the LV end-diastolic area (s21). These
measurements were taken from three to five consecutive
cardiac cycles and averaged on-line for each of these three
variables.
The LV ABD-derived area waveform during diastole
readily demonstrates the three phases of ventricular filling:
the initial rapid filling phase, followed by a period of
diastasis and ending with the atrial contraction phase (9).
The percent contribution to total LV filling due to these
three phases of relaxation were calculated off-line and
reported as additional indexes of diastolic function.
Doppler-derived myocardial performance index (MPI).
Tei et al. (10) have forwarded a simple and reproducible
noninvasive measure of quantifying ventricular function
using Doppler flow-derived intervals. The MPI incorpo-
rates both systolic and diastolic aspects of function. It is
defined as the sum of the isovolumetric contraction time
and the isovolumetric relaxation time divided by the ejection
time. This index has been shown to have an important
prognostic value in patients with dilated cardiomyopathy
and cardiac amyloidosis (10,11). Higher MPI values have
been associated with more profound degrees of ventricular
dysfunction. The MPI has also been shown to correlate well
with known invasive indexes of LV systolic (peak 1dP/dt)
and diastolic (peak 2dP/dt, tau) function (12).
The Doppler intervals were measured from the mitral
inflow and LV outflow spectral Doppler data. The sum of
the isovolumetric contraction and relaxation times was
derived from the interval from the end of mitral inflow to
the onset of the next mitral inflow signal minus the LV
outflow ejection time. The isovolumetric relaxation time
was directly obtained by measuring the interval from the end
of the LV outflow spectral Doppler signal to the onset of
mitral inflow, with optimal positioning of the sample
volume in between the LV inflow and outflow tracts.
Measurements were obtained and averaged from at least
three consecutive beats.
Statistical analysis. Analysis of ABD- and Doppler-
derived indexes of LV function for both study groups was
accomplished using the Student independent-samples t test
or the Mann-Whitney U test for parametric and nonpara-
Abbreviations and Acronyms
ABD 5 (echocardiography-derived) automated border
detection
AV 5 atrioventricular
BSA 5 body surface area
1dP/dt 5 maximal rate of rise of LV pressure
FAC 5 fractional area of change
LV 5 left ventricular or ventricle
MPI 5 (Doppler-derived) myocardial performance
index
RV 5 right ventricular or ventricle
Figure 1. Image of on-line derivation of beat-to-beat changes in the left ventricle area throughout the cardiac cycle, obtained from the parasternal short-axis
view using automated border detection by echocardiography. The inherent computer software algorithm allows instantaneous calculation of the fractional
area of change (FAC), as well as the maximal rate of rise of LV pressure (1dA/dt) and 2dA/dt normalized to the LV end-diastolic area. EDA 5
end-diastolic area; ESA 5 end-systolic area; PER 5 peak emptying rate; PFR 5 peak filling rate; TPFR 5 time to peak filling rate.
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metric data, respectively. An alpha level (p value) #0.05 was
considered statistically significant.
Multiple stepwise linear regression analysis was used to
determine the association between LV function and patient
pacing-related variables. Multiple regression represents a
direct extension of simple regression. Instead of a single
predictor variable (Y 5 B z X 1 A), multiple regression
allows for more than one independent predictor variable
(Y 5 B1 z X1 1 B2 z X2 1 B3 z X3 1. . .1 A) in the
prediction equation. One focuses on how well the equation
fits the data, whether there are any significant linear
relations and estimating the coefficients for the best-fitting
prediction equation. In addition, one should realize the
relative importance of the independent variables in predict-
ing the dependent variable. When faced with many poten-
tially useful variables, but with no guidance as to which
should be used in the prediction equation, stepwise regres-
sion provides a method of selecting from a set of indepen-
dent variables those which, in some limited sense, produce
the best equation. As a filtering device to select promising
predictors, or as an equation-building method when the
analyst has no model in mind, stepwise regression is a
frequently employed technique. The algorithm first com-
putes the correlations between each independent variable
and the dependent measure, then selects the variable with
the highest correlation as the first variable in the equation
(assuming it is statistically significant) and finally evaluates
the equation. It then selects the independent variable that
has the highest partial correlation (after adjusting for the
existing variable in the equation) with the dependent mea-
sure, and if significant, this variable is added, as well. This
process continues until there are no remaining variables with
a significant linear relation to the dependent measure. This
method was used to identify predictors of poor LV function
in these patients.
RESULTS
Patient characteristics. A total of 24 patients were evalu-
ated and compared with 33 age-, weight-, height- and
BSA-matched control subjects. Patient demographic data
and RV pacing data are presented in Table 1. Pacing was
initiated at an average age of 10 6 6.4 years for congenital
complete atrioventricular (AV) block in 12 patients, sinus
node dysfunction with or without atrial flutter in 4 patients
and acquired AV block in 8 patients (postoperatively in 7).
The duration of RV apical pacing ranged from 0.7 to 18.9
years (median 10), equally distributed as an epicardial or
transvenous lead system and programmed as VVI/VVIR in
15 patients and DDD/DDDR in 9 patients. Pacemaker
revision to a rate-responsive or dual-chamber system, or
both, was performed in eight patients. The majority of the
patients (23 of 24) exhibited 100% ventricular paced rhythm
at the time of the study, with a mean paced heart rate of
73.5 6 10.5 beats/min. The paced QRS intervals ranged
from 80 to 180 ms (139.7 6 27.1), with a mean QRS axis
of 219°.
Clinical symptoms (New York Heart Association func-
tional class II/III) were present in two patients, one of
whom was maintained on digoxin and angiotensin-
converting enzyme inhibitor therapy, and the other patient,
since the time of this study, has successfully undergone heart
transplantation. The rest of the patients were asymptomatic.
Long-term RV apical pacing and LV FAC. Left ventric-
ular contraction, depicted by the ABD echocardiography-
derived FAC, was reduced in this particular group of
patients who had long-term RV apical pacing (52.0 6
10.4%), compared with control subjects (59.8 6 5.8%, p ,
0.01), as shown in Figure 2. However, this was not
accompanied by a decrease in LV peak emptying rates in the
paced group (3.7 6 1.5 s21) versus the control group (3.7 6
0.6 s21).
The LV end-diastolic area, indexed to BSA, was compa-
rable between the patient and control groups (10.0 6 2.7 vs.
8.9 6 2.8 cm2/m2). This was accompanied by a larger
indexed LV end-systolic area found in the long-term pacing
group versus the control group (4.9 6 2.4 vs. 3.6 6 1.5
cm2/m2, p , 0.05), accounting for the reduced FAC found
in these patients.
Long-term RV pacing and LV diastolic function (ABD
by echocardiography). There was a trend toward reduced
LV chamber peak filling rates in the patient group (4.6 6
1.2 s21) versus the control group (5.2 6 1.1 s21, p 5 0.06).
There were no differences found, however, between the
paced versus control group in the proportion of LV filling
attributed to rapid early filling (80.8% vs. 80.2%), diastasis
(4.9% vs. 5.2%) or atrial contraction (14.2% vs. 14.6%).
Long-term RV pacing and LV MPI. Assessment of LV
contraction and relaxation with Doppler MPI (Fig. 3)
demonstrated diminished global function in the patient
group (0.46 6 0.13) versus the control group (0.34 6 0.08).
This can be attributed to the shorter LV ejection interval
found in the patients who had long-term RV apical pacing
(272 6 16 ms) versus the control subjects (294 6 19 ms,
p 5 0.001), without being accompanied by any difference in
isovolumetric relaxation or contraction time between the
two study groups.
Predictors of LV function in patients with RV apical
pacing. Eleven patient variables—gender, age, BSA, heart
rate, age at which pacing was started, duration of pacing,
QRS interval, QRS axis, pacing mode, pacemaker lead
system and previous intracardiac surgery—were assessed by
multiple stepwise linear regression analysis to determine
their association with the LV FAC. Table 2 lists the
variables that appeared to be significant determinants of
long-term LV function in the 24 patients studied, including
their regression coefficients with the estimated precision
(standard error) and 95% confidence intervals of the coef-
ficients. The coefficient of multiple determination (R2) was
0.39 between the paced QRS interval, in combination with
patient age, and the measured LV FAC. Interestingly, the
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duration of RV apical pacing, previous cardiopulmonary
bypass with intracardiac surgery and QRS axis were not
found to be significant predictors of LV function in these
patients. Figure 4 illustrates the inverse relationship be-
tween LV FAC and paced QRS duration (r2 5 0.24, b 5
20.19, p 5 0.015). The two patients with the longest QRS
interval (176 and 180 ms) also had the lowest FAC and
were the same patients who had cardiac symptoms.
DISCUSSION
Right ventricular apical pacing: comparison with previ-
ous studies. Invasive indexes of LV systolic function have
been shown to be impaired with short-term RV apical
pacing in both animal and human studies. The maximal rate
of rise of LV pressure (peak 1dP/dt) has been consistently
reduced with RV apical pacing, compared with either right
atrial pacing or the intrinsic sinus rhythm (1,4,5,13). Ex-
perimental animal studies have shown that RV outflow tract
pacing, compared with atrial pacing, produced dyssynchro-
nous contraction between the LV septal wall and the
opposing lateral wall (2,3). Right ventricular pacing resulted
in paradoxical septal motion, with early shortening in the
LV septal-free wall dimension relative to the anteroposte-
rior wall, inducing septal bulging and late septal shortening,
which cause lateral wall systolic lengthening.
Global and regional LV function, as determined by
radionuclide imaging, was shown to be reduced in patients
paced in the DDD and VVI mode versus the AAI mode at
rest and during exercise (14,15). The LV septal ejection
fraction alone was decreased with pacing in the DDD and




















1 13.1 1.6 70 0.7 VDD Transvenous 152 (2)79 ACAVB, postop.
RFA
2 3.8 0.7 85 1.8 DDD Epicardial 120 129 CCAVB
3 17.3 1.8 73 1.9 DDD Epicardial 80 89 ACAVB, postop.
ASD
4 7.9 1.0 79 4.5 VVIR Epicardial 160 (2)87 ACAVB, postop.
arterial switch
5 17.0 2.1 56 6.1 DDD Transvenous 140 (2)65 CCAVB
6 10.7 1.2 72 4.4 VVIR Transvenous 168 (2)80 CCAVB
7 24.0 1.8 78 4.7 DDDR Transvenous 168 (2)87 CCAVB
8 11 1.0 79 9.9 VVI Epicardial 136 110 CCAVB
9 10.8 1.1 86 10.2 VVIR Epicardial 140 84 CCAVB
10 11.0 1.2 80 6.8 VVI Epicardial 120 (2)35 Sinus node
dysfunction/
atrial flutter
11 13.1 1.4 66 13.1 VVI Epicardial 148 (2)50 CCAVB
12 25.7 2.0 70 9.1 VVIR Transvenous 176 (2)15 ACAVB, postop.
ASD
13 25.3 2.0 65 9.4 VVI/DDDR Transvenous 80 34 Sinus node
dysfunction/
atrial flutter
14 29 2.0 65 9.7 VVI Epicardial 156 149 ACAVB, postop.
VSD
15 25.3 2.1 83 10.6 VVI/DDD Transvenous 140 (2)82 CCAVB
16 24.9 1.8 76 11.1 VVI Epicardial 180 (2)80 ACAVB, postop.
TVR
17 21.2 2.1 69 11.8 VVI/VVIR Transvenous 120 (2)79 CCAVB
18 26.1 1.6 94 12.2 VVI/DDD Transvenous 160 (2)79 Sinus node
dysfunction
19 24.0 2.0 77 12.5 DDD Transvenous 160 (2)81 CCAVB
20 30.1 1.8 54 12.6 DDD/DDDR Transvenous 100 (2)51 Sinus node
dysfunction
21 25.6 1.7 82 17.1 VVI/VVIR Epicardial 156 (2)15 ACAVB, postop.
AVSD
22 14.9 1.7 87 13.8 VVIR Epicardial 140 63 CCAVB
23 22.8 1.7 61 15.4 VVIR/VDD Transvenous 132 (2)84 CCAVB
24 34.6 1.6 58 18.9 VVI/VVIR Epicardial 120 (2)65 ACAVB, postop.
TVR
Mean 6 SD 19.5 6 8.1 1.6 6 0.4 73.5 6 10.5 9.5 6 4.8 139.7 6 27.1 (2)19 6 79
ACAVB 5 acquired complete atrioventricular block; ASD 5 atrial septal defect; AVSD 5 atrioventricular septal defect; CCAVB 5 congenital complete atrioventricular block;
postop. 5 postoperative; RFA 5 radiofrequency ablation; TVR 5 tricuspid valve replacement for Ebstein’s anomaly of the tricuspid valve; VSD 5 ventricular septal defect.
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VVI mode versus the AAI mode, with no substantial
changes in LV ejection, contributed by the lateral and
inferior walls, between the three pacing modes. A similar
pattern of LV systolic dysfunction was found with VVI
pacing with or without AV synchrony, compared with AAI
pacing with Doppler echocardiographic markers of ventric-
ular systolic work (15).
Ventricular asynchrony with RV pacing has also been
shown to be associated with impaired LV relaxation. Short-
term RV pacing in dogs resulted in a decreased rate of
isovolumic pressure decline (longer relaxation time constant,
or tau), slower peak segment lengthening rate and a slower
LV chamber peak filling rate, compared with right atrial
pacing (6). A similar pattern of LV diastolic dysfunction
with AV sequential pacing versus atrial pacing was found
only in patients with evidence of impaired systolic function
(1), with unchanged indexes of ventricular relaxation in
patients with normal LV ejection fractions.
Our study has provided parallel evidence of impaired
ABD area and Doppler echocardiography-derived variables
of global LV systolic and diastolic function in patients who
had long-term pacing from the RV apex. Left ventricular
dysfunction in these patients was shown by 1) reduced LV
FAC accompanied by a larger LV end-systolic area; and 2)
an impaired MPI associated with a decrease in LV ejection
time. Left ventricular shortening appeared to be influenced
by the paced QRS interval and patient age. Moreover, the
presence of cardiac symptoms tended to correlate with
extreme prolongation of the paced QRS duration.
Mechanisms of LV dysfunction. Histologic findings of
the LV free wall obtained after three to four months of RV
apical pacing in both young and adult animals have specif-
ically demonstrated focal areas of dystrophic calcification,
myofibrillar disarray, prominent subendocardial Purkinje
cells with an increase in variable-sized and disorganized
mitochondria (16,17). Recently, Karpawich et al. (7) have
detected similar histopathologic abnormalities in paced
patients. These endomyocardial biopsies were taken from
the mid-RV septal region within 3 to 12 years of RV apical
pacing. Histopathologic abnormalities seen after pacing
were not present from biopsies taken before pacing. These
changes may be the result of repetitive abnormal myocardial
shearing forces and stress vectors secondary to the presence
of an aberrant electrical activation sequence initiated from
the RV apex, instead of normal electrical firing from the
high septal His bundle region (18). The presence of ven-
tricular contraction-relaxation asynchrony, coupled with
such histologic abnormalities, could provide the mechanical
and anatomic substrate(s) for the eventual untoward devel-
opment of ventricular dysfunction in these patients.
Other investigators have demonstrated changes in re-
gional myocardial perfusion abnormalities and apical wall
Figure 2. This box plot diagram depicts the difference in automated border detection-derived left ventricular (LV) parasternal short-axis fractional area of
change between the patients (pts) (n 5 24) and control subjects (n 5 33). Data contained within the box represents the 25th to 75th percentile values, with
the thick line depicting the median value. The bars represent the maximal and minimal data points, excluding outliers. The LV area shortening appears
diminished in the young patients who had long-term right ventricle apical pacing (mean age 19.5 years, mean follow-up 9.5 years) versus the age- and body
surface area-matched control subjects (52 6 10 vs. 60 6 6, p 5 0.002).
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motion abnormalities and redistribution of LV wall mass
with RV pacing (19,20). These changes may represent
myocardial structural maladaptations resulting from local-
ized or regional changes in mechanical work load. Burkoff et
al. (21) demonstrated a reduction in the slope of the
end-systolic LV pressure-volume relationship with RV free-
wall pacing compared with atrial pacing. Using isolated
animal heart preparations, the normalized LV force-interval
relationship, which is reflective of beat-to-beat alterations in
the amount of intracellular calcium supplied to the myofila-
ments, was similar between right atrial and RV free-wall
pacing (22). Therefore, the presence of reduced LV con-
traction associated with RV apical pacing is probably not
based on diminished intracellular calcium released from the
sarcoplasmic reticulum.
Alternative ventricular pacing sites. There is growing
evidence to support that LV free-wall pacing, and not RV
pacing, improves LV contraction in patients with heart
failure and intraventricular conduction delay (23,24). Left
ventricular epicardial (VDD mode) pacing, either through a
prograde or retrograde approach, resulted in increased LV
maximal dP/dt, increased stroke work, lower end-systolic
volume, higher systolic blood pressure and lower pulmonary
capillary wedge pressure, compared with either RV apical,
mid-septal or outflow tract pacing. Biventricular pacing has
not been shown to consistently enhance contraction over
LV free-wall pacing.
The potential benefit of pacing from non-RV apical sites
that can theoretically closely simulate the normal cardiac
electrical activation sequence needs to be further explored.
Normalization of the paced QRS duration with septal
pacing has been shown to be associated with nearly normal
ventricular contraction patterns and normal histologic find-
ings, compared with that found in young animals that had
RV apical pacing (25).
Study limitations. The limitations inherent in this study
include the absence of sequential echocardiographic vari-
ables of LV function in each patient, which certainly
provides stronger evidence for progressive ventricular dys-
function found with long-term RV-apical pacing, as well as
Figure 3. This box plot diagram shows reduced global left ventricular (LV) function, expressed as the Doppler flow-derived myocardial performace index
(MPI), in the paced patient (pts) group versus the control group. Data contained within the box represents the 25th to 75th percentile values, with the thick
line depicting the median value. The bars represent the maximal and minimal data points, excluding outliers. A higher Doppler MPI value correlates with
reduced combined (systolic and diastolic) ventricular function. The Doppler MPI was increased in the pacemaker group versus the control group (46 6
13 vs. 34 6 8, p 5 0.005).
Table 2. Predictors of Left Ventricular Fractional Area of












QRS duration (2)0.19 0.07 (2)0.33 to
(2)0.05
0.008
Patient age (2)0.50 0.22 (2)0.96 to
(2)0.04
0.03
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the limited number of patients with available long-term
follow-up data. Previous intracardiac surgical repair with
inherent cardiopulmonary bypass can be construed as a
confounding variable that could adversely affect long-term
ventricular function. Other studies, however, have shown
that LV function appears to be preserved long after success-
ful surgical correction of intracardiac defects (26,27).
On-line derivation of ventricular function using
echocardiography-derived ABD requires sharp definition of
the LV endocardial border. This, in turn, is largely
operator-driven, despite image enhancement with lateral
gain compensation and longer backscatter data integration
times, resulting in a reduction in image speckle noise,
compared with that found with conventional scanning (8).
In our study, reproducible definition of the entire LV
endocardium was more readily attained from the parasternal
short-axis over the apical four-chamber view. Using the
parasternal short-axis dimension of the LV, off-line and
on-line measurements of the LV end-diastolic area were
similar to each other (adjusted r2 5 0.94). A biplane
approach in the assessment of changes in the LV area will
certainly provide more complementary wall segments and
may provide additional insights into the contribution of
septal-posterior wall contraction asynchrony, inherent in
RV apical pacing, to global LV function.
The Doppler-derived MPI is an attractive alternative to
quantification of overall cardiac function. Calculation of the
ratio of isovolumetric contraction and relaxation times to
the ejection time has been previously shown to be applicable
over a wide range of heart rates (50 to 110 beats/min),
independent of blood pressure, as opposed to considering
these variables alone (10,28). This index, however, may be
affected by alterations in ventricular preload, even under
constant contractility conditions (29). Therefore, differences
in MPI that may be reflective of changes in preload could
conceivably be corrected for by incorporating the Doppler-
derived LV stroke volume, in the absence of significant
aortic and mitral valve regurgitation.
Conclusions. Long-term ventricular pacing from the RV
apex appears to be associated with LV systolic and diastolic
dysfunction. Near synchronization of ventricular contraction
with LV pacing may preserve long-term ventricular function,
especially in young patients in need of permanent pacing.
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